Abstract. One of the essential assumptions made in estimating the terminal velocity and the drop-size distribution of hydrometeor from the precipitation Doppler spectrum observed by VHF/UHF radar (or wind profiler) is that all of the precipitation particles are moving together at the same velocity as the ambient wind. However, this may not be the case. In this paper, taking advantage of the capability of simultaneously measuring the motions of precipitation particles and the clear-air turbulence with a VHF radar, we develop a method to examine the wind-driven effect on the drift of precipitation particles using the Chung-Li VHF radar. By appropriately setting the radar parameters and steering the radar beams, experimental results show that the drift velocity of the precipitation particles in response to the drag force exerted by the background atmosphere is not the same as the ambient wind velocity, approximately 83% of the latter in this case. This feature indicates that the precipitation particles are not moving with the background wind, causing inaccurate estimations of the terminal velocity and the drop-size distribution of hydrometeor if this effect is not taken into account.
Introduction
It is well recognized that a radar operating at VHF band not only can detect the echoes from atmospheric reftactivity fluctuations, but also can be used for the observation of precipitation. Because of this merit, several important precipitation-related parameters and features which cannot be provided directly by conventional microwave meteorological radar, such as the true terminal velocity of hydrometeor, size distributions of liquid and solid precipitation particles, vertical air motion associated with intense precipitation, interaction between hydrometeor and the ambient atmosphere, and so on, can be observed using VHF radar if the experiment is set up appropriately [Wakasugi et is usually calculated to estimate the precipitationrelated parameters. In light of the fact that the falling of the precipitation particles in the cloud will be affected inevitably by the motion of the background atmosphere, the Doppler spectrum from precipitation will include the contributions of ambient wind and turbulence. Under this consideration, the contribution of the background atmosphere to the observed Doppler spectrum of precipitation should be removed in deriving the drop-size distribution from the precipitation Doppler spectral width. In general, the mathematical relation of the Doppler spectra between precipitation particles and refractivity fluctuations for a vertically pointed radar beam can be formulated as [Wakasugi et al., 1986] causing the reasonable approximation of Gaussian pattern to St(o)). In this case, the information of precipitation particles can be separated from St(o)), which is contaminated by St(o)), through the following relation:
where 0¾ It is worth pointing out that in applying (1) to deduce the size distribution of precipitation particles, several important assumptions are made implicitly: (1) The Gaussian Doppler spectral shape of St(o)) is not distorted by the vertical air motion which always exists in the cloud with precipitation; (2) the shape of precipitation particles is spherical, i.e., the spectral shape of St(o)) is not influenced by the spectral narrowing effect of the aspect sensitivity, which originated from the anisotropic characteristics of the radar target; (3) the spatial distribution of the precipitation particles is uniform in the scattering volume; (4) the ambient wind velocity and the hydrometeor size distribution, which play crucial roles in determining the radar reflectivity, mean Doppler shift, and the spectral width of the precipitation Doppler spectrum, are both constant during the period of radar signal processing, namely, the time interval for coherent and incoherent integrations; and (5) the precipitation particles are assumed to move with the ambient wind at the same velocity so that the effects of the beam broadening and the turbulent broadening on St(o)) can be thought to be identical to those on S•(o)). This frozen-in assumption is the most important one in removing the contribution of the background atmosphere from the precipitation Doppler spectrum using the techniques mentioned in the previous paragraph. Assumption 1 is usually true because the atmospheric vertical velocity is seldom greater than the horizontal velocity, except for cases of intense updraft and downdraft in an extremely active convective cloud. However, if the vertical velocity is considerably greater than the horizontal wind speed, it can be shown that the shape of St(o)) obtained by a vertically pointed radar beam will be approximate to the exponential form rather than the Gaussian form.
The discussion on the distortion effect of vertical air motion on the Doppler spectral shape will be presented in a future paper. Assumption 2 is basically true for liquid hydrometeor if the drop size is not sufficiently large [Battan, 1973] . However, observation shows that the VHF echo power from solid hydrometeor, that is, the snowflake, ice sheet, etc., is highly aspect sensitive, implying that the narrowing effect of the aspect sensitivity on the precipitation Doppler spectral shape should be taken into account in estimating the ice size distribution using a VHF radar [Woodman and Chu, 1989 [Sue, 1996] . Therefore great caution should be taken in the use of (1) to deduce the size distribution of the precipitation particle, especially for the precipitation in an active convective cloud. Assumption 5 plays a vital role in utilizing VHF/UHF radar to measure the precipitation-related parameters and phenomena. If this assumption is not valid, the results of estimating a precipitation particle size distribution made by VHF/UHF radar with the existing techniques as mentioned above will be doubtful. This is because in this case the clear-air component in the observed precipitation Doppler spectrum, which is related to the motions of background atmosphere through the beam broadening and turbulent broadening effects, will be not identical to the observed Doppler spectrum generated directly by the refractivity fluctuations, causing the problem of removing the influence of background atmosphere from the precipitation Doppler spectrum. Moreover, this assumption is also an essential one for a conventional microwave meteorological radar employed to estimate the ambient wind velocity from the precipitation echoes using the velocity-azimuth display (VAD) technique [Battan, 1973] . Because of its importance, it is worth examining the frozen-in assumption of hydrometeor so that the accuracy of the measurements of the wind and precipitation using a VHF/UHF and/or microwave meteorological radar can be improved. With the capability of simultaneously observing the characteristics of precipitation and clear air of a VHF/UHF radar (or wind profiler), a method of examining the wind-driven property of hydrometeor is proposed in this article. After conducting an appropriate experiment at the Chung-Li VHF radar, we will present the observational evidence showing that the precipitation particles are not necessarily moving with the background wind at the same velocity. In section 2, a theoretical consideration of dealing with the examination of the so-called frozen-in property of the precipitation particles in the ambient atmosphere will be introduced. An experimental setup at the Chung-Li VHF radar will be described in detail in section 3.
The observational
results and discussion will be presented in section 4. The conclusion will be given in section 5.
Theoretical Considerations
When a precipitation particle is falling in the atmosphere, the motion of the ambient air and the size of the hydrometeor will determine its falling velocity. Assume that two radar beams, one pointed vertically and the other steered obliquely at the zenith angle of 0, are employed simultaneously to observed the falling velocity of the precipitation particle. If the hydrometeor subjected to a drag force exerted by the ambient air flow is moving with the background wind at the same velocity, its Although the ambient wind exerting a drag force on the precipitation particle compels it to move with the background air flow, the drift velocity of the hydrometeor may not necessarily be equal to that of the ambient wind. Notice that the drag force exerted on the precipitation particle by atmospheric flow is not only affected by the characteristics of the ambient atmosphere (e.g., temperature and density), but also by the functions of the shape and diameter of the hydrometeor. Moreover, the other characteristics of the hydrometeor itself, namely, the electricity property, dynamic behavior (vibration, rotation, and coalescence), thermal processes (evaporation and condensation of water vapor), and the small-scale turbulence around the hydrometeor during its falling, may presumably also influence the drag force on a precipitation particle exerted by the ambient atmosphere. Under these considerations it appears that the precipitation particle may not drift with the where the assumptions that precipitation particles distribute uniformly in the radar probing region and that a is a linear and isotropic scalar constant have been made implicitly in (4). It is easy to realize from (3) and (4) that a is just the ratio of the hydrometeor drift velocity in response to the drag force exerted by the background atmospheric flow to the ambient wind velocity. Therefore oz(W a cos 0 + U sin 0) represents the effective radial velocity component of the precipitation particle driven by the background atmosphere, which can be obtained from the clear-air Doppler spectra observed simultaneously by the vertical and oblique radar beams. From (4) it is apparent that in the case of a = 1, the hydrometeor will drift perfectly with (or be frozen in) the background air flow, while in the extreme case of a = 0, the hydrometeor will make no response to the drag of ambient wind. From 
Experiment Setup
As described in the previous section, at least two radar beams, one at vertical incidence and the other pointed obliquely, are required to operate simultaneously so that the experiment of examining the wind-driven property of precipitation particles can be carried out. Alternatively, if the temporal variations in ambient wind and precipitation can be ignored during a short period, it is not necessary to operate the vertical and oblique beams simultaneously in the examination of the frozen-in characteristics of the precipitation particles. In this case, the experimental scheme that one of the two radar beams be steered toward vertical (or oblique) direction subsequent to the other beam being steered obliquely (or vertically) is permissible, as long as the total observation period of these two radar beams is short enough. However, how short is short enough for the observation period in which the wind and precipitation can be treated to be constant in examining the frozen-in behavior of precipitation particles is still not well-documented.
Under this consideration, in order to avoid the possible bias due to the temporal variations in wind and precipitation, the vertical and oblique radar beams are operated simultaneously in the experiment of examining the frozen-in characteristics of hydrometeor conducted at the Chung-Li VHF radar.
The precipitation data employed for this experiment were taken on April 13, 1996, 0437-0540 LT by the Chung-Li VHF radar. During this period a cold front was passing through Taiwan island from southwest toward northeast. An examination of the rainfall record measured by the meteorological station located on the campus of the National Central University shows that the total amount of rainfall corresponding to this cold front from 0800 to 2000 LT is about 58 mm. Three radar beams were operated simultaneously. Two of them were always pointed vertically during the period of the experiment, and the other one was steered obliquely toward north, east, south, and west in sequence. The observational duration for each direction is 34.56 s. The main radar parameters were set as follows: pulse length of 2/as, interpulse period of 300/as, and coherent integration time of 0.09 s; 40 range gates were recorded.
Data Analysis
When the complex raw radar echoes were recorded in the data storage unit, the Doppler spectra are calculated by using a 64-point fast Fourier transform (FFT) algorithm on the radar returns. Six raw spectra are averaged incoherently to produce an average spectrum for further analysis. In view of the complexity of the observed Doppler spectrum, the identification of the spectral components for precipitation and refractivity can only be done manually. Once they are separated, the echo power, mean Doppler frequency shift, and spectral width for these two spectral components are estimated with the least squares method, in which the Gaussian curve is employed to best fit the corresponding Doppler spectral component.
From occurring at the height of 4.2 km is one of the cases. Moreover, it might be expected that there would be appreciable changes in vertical and horizontal wind speeds and precipitation over the period of a few minutes, especially for the precipitating environment with intense convective activities. These temporal variations of wind speed and precipitation would also lead to the large bias in the estimation of a if the period of taking and processing radar data is not short enough. This is the reason why the interval of observation is less than a minute in this experiment. In view of the fact that several possible factors will cause enormously large deviation of the calculated a values from a = 1, the interpretation of unrealistic a values must be treated with some caution. Figure 6 shows the scatter diagram of Af (in units of hertz) versus radial wind velocity observed by the oblique radar beams pointed toward four different directions, where Af is calculated by either (5) or (7), depending on the relative situation that the horizontal wind directions are parallel (shown by circles) or opposite (shown by solid dots) to the radar beam directions. As described in section 2, Af will be greater or smaller than 0, depending on the directions and the relative magnitudes of the vertical and oblique radial velocities. As indicated in Figure 6 , the data points marked with circles deviate from the value of Af = 0 systematically, showing that a :/= 0 or that the drift velocity of the precipitation particles is not the same as the background wind. Although the data points marked with dots distribute randomly around Af = 0, it does not mean that the corresponding hydrometeors are moving with the background wind at the same velocity. This is because the magnitudes of -fa X cos 0 are comparable to those of f, such that no systematic variation offar (or Af) with radial velocity is seen. It may be concluded from the observational results presented in Figures 5 and 6 that, in general, the precipitation particles are not frozen in the ambient wind.
Concluding Remarks
In this paper, taking advantage of the capability of simultaneously observing the precipitation particles and the atmospheric reftactivity fluctuations with a VHF radar, we develop a method of examining the wind-driven property of hydrometeor using the Chung-Li VHF radar. In order to comply with the requirement made in the proposed method, the vertically and obliquely pointed radar beams are operated simultaneously. Observational result shows that, on average, the efficiency of the ambient atmosphere driving the precipitation particles to drift with the background wind is about 0.83. This feature implies that the estimations of drop-size distribution and terminal velocity of the precipitation particles associated with strong background wind will be estimated inaccurately if the conventional methods are employed and the wind-driven effect on the movement of hydrometeors is not taken into consideration. In addition, we also note that the spatial distribution of precipitation particles aloft may be considerably inhomogeneous, even in the area with horizontal extent as small as a few hundred meters. This property will increase the difficulty of investigating the characteristics of precipitation by using the radar beams with large tilted angle. Because the frozen-in assumption is a vital one in applying VHF/UHF radar (or wind profiler) to observe the characteristics of precipitation aloft, more efforts need to be made to clarify the wind-driven property of hydrometeor. For example, what is the difference of the response to the drag force exerted by the ambient wind between solid and liquid precipitation particles? Is there any seasonal variation for the wind-driven characteristics of precipitation particles? How can one remove the imperfect wind-driven effect on the precipitation Doppler spectrum to obtain a more accurate drop-size distribution of precipitation? We hope that the answers to these questions can be achieved in the near future.
